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SUMM RY 


in an altiempt fo quantitatively exam)i.e the otfeqt of Sap ime 
rotor speed on the fonjifudinal static ctanlilty of an aitorot Tig 
rotor, express]ons heave teen developed for the chinjges ji. rotor forces 
under a condition of maf ntenance Of cOsTont zero Temulic. Forces. a. 
moment derivatives were then calcul:sted for a smal} autoyyro rotor under 
myo limiting conditions, |.e. for rotor speed assumed cofr*tant Through- 
out veloc|]ty and attitude perturobatlons and for roror speed varyliig Jn 
such a way thet equlliirlum torque is malntiined throughout the 
perturbations. Compirison of the two cond|tiors showed that allowlng 
retor r.p.m. to vary caused the velocity stubllIlty, My, to go from a 
Strong stale condition at con.tert r.pom. To a neutrally stabfe 
eemaitio:. The effect on angie of attack sfa' j lity was to cau>ce at, 
erabic eoadit lon at cOnS@eant rips. tO Secome Giibies 

Static statbility derivatives were calculated for 3 smal]d uuto- 
gyro under the vuriable rotor speed cond]tions and steady stite fl} ght 
tests were corducted to attempt to verlfy these derivotives from trim 
curves. Althoujh the fliyht tests tended to confirm the results, they 
Meeeetelt to be inconclusive In thit they could only verlfy ratlos of 
the derivatives. Using the constant coefficient of the churacteristlec 
Ope trequency" equation as a meboure of stitic sta. Jlity the sircraft 
was determined to be statically stable. Further, the variation of 
rotor speed Improved the static statJIity although IT did reduce the 


peyocity stability. 
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It was further concluded that the static stobllifty of 
the alrcraft was independent of horizontal c.j. position 35 log 


as the range of c.g. movement was cont}ned to contro} Jimlts. 








BP FINEST. T ION OF THE LOfts] TUDI MAL STATIC STABILITY 
OF eil AUTOCYRO 


fee I NTRGDUCT | ON 

it has been siated and is jererally known that the urticulsted, 
meeminy helicopt r rotor in forward flight §3 statically stable with 
pespect to velocity chunyes aid is statically unstavle with reSpect to 
wimenje of angie of attick. This statemer.t implies the clissicad ri jid 
rotor with no artificlal type of stab} lization device and further assumes 
That the rotatfton:! speed of the rotor {fs constani. 

Gessow and Myers (Ref. 1) stute thit the iutorotating rotor has 
Bemererent staf lity choractcristics than the powered rorcr. The primary 
reason for this difference Is the fact thst the rotor speed of The 
emerot:iinj rotor is not cortrolled ty the engine, but is free To very 
with «h:nje In forward speed or angle of attack. tlohenemser (Ref. 2) 
BSmmres thet ihe effect of these var} tions In rotor speed is To mueke the 
Puroroi iting roicr neutrally stat.le with changes in speed at constant 
angle of attick and positively stavle wlth change In angle of attack 
Pee Onstant speed. 

fi., therefore, the oi-jective of this paper to depive 
expressions for ibe JonWtudinal static stanil ity of the autorotatiny 


rotor in forward fli ht, to examine the effect of ulfowlng The rotor 
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ne! quantitatively, «y simple equili'rium fil ght testing cf 3 

pr@i|, ecte=man eutcqyro. See Filjuré |. 

Threujhout the analysis stability derivitives wlll ve kept 

fea digensiona! form to retain the physical contepty; uni the phygica| 


quantities cf the test aircraft, as Jisted is: Appendix J, will 


ne used. 








bl ORIN LY | > 

In the stabllI]ty analysis of ary vehicle, it Is flr ot necessary 
to establish a system of coordinates to descriue the mtions of rhe 
vehicle. Since actual flight testing Is involved in thls anauly3lIs, 
ip is felt that the "stabi lity-saxis" system were the orlyin @f cacr- 
dinates is pliaced at the c.g. of the alrcraft aid the po itive X sxj. 
tixed jn the alrcrafr and Initjlally orjented into the relative wind Is 
vest sulted. Figure 2 shows the axis system and various qu.ntIties 
relative to it. 

How to accurately descr]*°e the motlon of the vehicie depends 
upon the number of degr@es of freedom [t has ard how siror ly each 
degree affects the motions. As it Is our purpose to examjne the longI- 
tudjnal static stabilJIty and to determine the effect of the rotor's 
rotational deyree of freedom upon [t, certain simpl I} fyin ; assumptions 
are necessary to avold making the cajlculatlons so compijiex fhitf ar eng]. eer- 
ing analysis becomes ImpractIcal. It Is flrst assumed that the long] tudinal 
and lateral motions of the alrcraft are loosely coupled, so that the 
longitudinal motions may be effectively described by The classlc three 
degree of freedom equations, |.e. X Force, Z Force, and P]t<hIing Moment. 
The rotor itself has six degrees of freedom, |].e. coning, |Isteral and 
long] tudinal flapping and steady, Jongitudinal, and lateral twistIng, 
plus the freedom of rotational speed. Under the assumption of 3 rigid 
rotor, whjch js usually vajid for stublijty analysis, and writing The 
Bemor Statics in terms of fuselage varia:les, the rotor jegrees of 


freedom may be reduced to the varlatlon of rotor speedo 
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Ine huded in equation (6) Is The term aQk Imptying the rr je of roror 


Speed as an independent varlable. Exam|nutjor of The turque equ tion fer 


feewicrotitinj rotor 
bDlrotor © + Qaerodynumic = 0 (7) 


Shows that for steady state conditions the aerodynumic torque mu F equal 
zero. if the assumption jis made th2t the Jnertla of the rotor is negligible 
then the speed variation of the rovor jis dependent on Torque equi llurium. 
This assumption allows us to make roter speed a dependerT vorjaude and 
eliminate the torque equation from the equations of motlon.e Further 


defining the rotor force derlvaiives In a specjal way such that = 


Q=0 
means the rate of change of rotor thrust wlth angle of uttack while 
forward velocity Is held oconstunt ~-ut rotor speed Jo allowed to vury 


In accordance wlth torque equlilobrium, then equation (6) may ve written 
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Beeremir , Momer™ Equatton 
Aojain referPing to Fig. 2, the moments avoutT TMG aie ee 


may !e written as follows 
yMe ) = X(Toos6 - Hein€) -2(Tsins + Wicosd) + MQ + Me (10) 


Since ithe rotor on the alrcrafi veln; Irvestl jated Is a see-saw type 
fiesmemeni due to flapping hinge eccentricity, Ma, Is zero. This moment 
ca, ctherwise often te neglected if the flauppinj hinge offset is sm.1t}. 
Further assuming smal]! angles and neglectiaj H6 as the prowict of 
small quar tities 
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Suvetitutiny into equation (1 3) 
i, = oT OV + aT | (Ac) # N6) 
Vic=0 da |C=0 ‘ 
ip cd Mall -y 4 ad (AK, + A6) 
1V GeO 00 1Q=0 
Me one 
Li, = ———'V + AX, 


ylelds the following 



























































OT OT oH t 
DaMcg = (x — =25) = -zZ — + AV 
Cg OVI Q=0 JV 1050 OV 1 O20 3V 
OT OT GH oM¢ 
+ (xX —, -26 — PN ee oe Socata Ac 
00.! Qa0 led Q=0 OC”, Q=0 OO 
ola A . 
(eee a aay As 
oa Q=0 oa. Q=0 30 Q=0 
Considering equation (14) 
ueMcg = eh iN + cu Aa, + an £6 
OV Q=0 On Q=0 06 Q=0 
where 
OM OM OM 
OY Q=0 ov Om® / rotor OV 
OM tO Al a5 cll 
SV osat PST an SN eegiaal 
Q=0 rotor 'Q=0 Q=0 Q=0 
OM OM OM + 
i). «(fe Mt, 
ae Q=0 | oe ey ee 6 OO. 
OM ; =x ot =3 60 a3 tl 
Tes Q=0 rotor 30. G20 3% Q=0 Oo. 











CC) 


(| 5-3) 


(| 2u) 


(14) 


(f5) 


(| 53) 


(|B) 


Cliae) 


(} od) 





an 


- oT (| ~) 
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The previously developed equatjons of motion fer Steady tate 
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And ii Is possible to make a qualitutIlve check on the derlvatives sy 
comparing ihe slope of the trim curves taken from steady state ffl ght 
test to the predicied slopes, since ihey may row be predicted from 
equailons |{6. 
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meeneck on the rotor thrust der|lvatives may also be msde by noting 


from equation (I6a) (since 4a = Aa, + A”) 
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puriner, the effect of v&ériation of rotor speed on each particul 3r 


derivative is ava]Juble by computing each one sepirately under the 





assumption of constpnt rotor speed, !etting thee rotor speem 
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Evaluutlon of the Derivat|ves 


feemethne definition of fhe rotor thrust -coeftteten 





T = ymR“(OR)4 CT (12) 
where ( is the trim value. Letting Ky = o-R2(OR)Z, Then 
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Including © as an |ndependent variable reqilres the addition of the Torque 
equation to the equatlons of motion. As we have already seer, however, 
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neglecting the inertla of *he rotor allows us to make ] a dependen? 


varlable, and the rojor thrust der]vatives could be expressed as 
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Evalu.tjon of the thrust coeffliclent derlv.tives muy be made from ’ lade 


element theory, where the thrust coefficient Is glven by 





For a constant blade pitch angle the threst coefficleii is 4 funcifon 


of the varfables yp and A 


lf the usual assumptton for the average Induced velocity of a -Elyhtly 


loaded rotor jn forward flight [is taken from momentum Thecry as 
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where V' Js the resultant velocity at the rotor dIuk, then The inflow 


ratio, A, may be expressed as 
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SInce by definitlon the tip speed ratlo, np, Is glven by 
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it then foljlows that the thrust coefficlent could te expressed as a2 


function of the varlables V, a, and %. 
Cy = C7WV,c,9) (25) 


The thrust coefficient dertlvatlves may then oe evalu:ted folfow!lng the 
chain rule for partial different lation 
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Note thut due to the relation tetween inflow ra.fo upd thru t 
coeffi-iert throuj! the momentum thecry, the i: flow ratio derivatives 
are a |ittle complicated and have a churacier somewhst more Jike total 
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some simplification is possi’ le in the Inflow ratlo deriv:tiv 


Zz 


y neglecting 44 compared to uf ut tip specd r tlos above out Ool> 


ani approximatin ; the inflow ratio as 
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a ne at 


Sisice much of the range of flight beittg Investigated was relow uw = O.}>, 
This simplificatlor was not used In th: Included caleul:etions. 

Evaluatlon of the rotor speed deriv tives must evolve from tie 
torque relation, since it Is the chinge of rotor speed in saccordince with 
torque equilji.r ium that Js desired. From Bualley's aerodyiuumle tor jue re- 
lations (Ref. 4) the aerodynamic torque m:iy “e expressed us a fu'ction of 
meeiip speed ratio and inf low ratio. For o flxed tthade pl ici 
then: 


Co ae Ctus%) ° 


See Appendix {| for complete torque relutlons. Jince the only torque 
acting on the autoroteoting rotor it equlll].crium Js aerodynamic Torgue 
it follows that 


Coa 


and the inflow ratio may be determined Ir terms of the tip speed rutlo. 
This has teen computed for the rotor veJnj investigated ani is plotted 
Soeeiaure 3. 

From the definIitlons of the tip speed retlo and Inflow r.tlo the 
aerodynamic torque coefficlent may se expressed as ao function of the 


Pemeroawies V, a, and OQ. 





It follows that 





AC 5 ACo 0Cy) 
LC) = aya" + 57 4° + 5H 
Having neglected the inertia of The rotor us heving +: negligibl@ ef feci 
On rotor speed perturvations, the equili.vrium orque nust be malntai ed. 
Then 
ACg = 0 
so ihat 
oCQ 
Oo” . SV ; 
ar 
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These particular derivatives may be evalusted py direct differentiction; 
they have been so performed for the rotor being Investigated, and are 
plotted on Figures 4 and 5 as functions of the tip speed riilo, nu. 
Substituting equations (27) and (25) back Into (20) determines the 
rotor thrust derivatives under the varying rotor speed conditions. These 
derivatives, along with thrust derivatives computed on the assumption of 
constant rotor speed, have been computed for the rotor being Invest} gated 
and are plotted on Flgures © and 7. 
Since the trim values of the inflow ratlo A cun te calculated 
from the aerodynamic torque relation in terms of the tip speed ratio yp, 


as 1s shown In AppendIx }4 and plotted on Flyure 3, the trim thrust 
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coeffitient, Cr; ia octarmive ficneig plcmest theawry, Shion (el). 
mls nes Leen So'e Hod the ‘Trin hruet ec ffi lenny |. plore ae rie 
mo Of tie tip peed rotio™h Figur> ©. For . jiven gros. wovght Tame 
mae trim rcior sp-ed mby ‘ve obt-jred fron cqiition (Il 2. The Trin 
Meise of the avecd. cf attack cf The pline of ro faethe rin) $8. deter— 
mined from equ3iticn (23), and rim forwerd speed is determj.red from the 
Bemieition of tle tip -peed raric, equmfo: (24). 

Evaluation of the moment diriv:tivés, equetion= (1), require; 
a kKnowledije cf the Ho force derfvitive , trim .ontrol ingle *, and 
fuselage and pow r contri. utions io staujllvy, me 's wel {gs Tm 
Demon thrust deriv.tive The roior i force coeffi-te:t 23 giver vy 


Gessaw and Myers (nf. 1) for the H force in ‘he ple of no featiy rig J 











Is 
2C f, Gi; 9 5 < ’ ae 
aoe Cl! _ cal a, C7) 
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meee the flippi-y a.gles relative to the pline of +o featherli 7 ian ce 
e-pressed as furctilors of the tip speed ritlo ord Inflow ratlo (th contng 


meee for the see-faw rotcr, Is fajlt in Ani constant) they my se 


‘O9 
substituted Irto the H force coefficient equ:tion ind it my ve 


completely expressed as a function of w urd .. 
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a a 
| FA (peal oe 46 B (294) 
= a = o { J 
4 
| Ba, 
= = 5 (29. ) 
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ving eMreined » 88 a fuWeties Of p from tur Md Equillarlum, Tie 
frim (li force coeffibi@nt if thdrafure ddétermine!, wi his Beh ploitey 
Por im@ure @. Further, Know}n gj the trim rotor peed determines the H 


emeee itself fom the definmitio. of the H fore codf flryent 


H 
Cur Ga: “oes ( 50) 
The H force has been calculated for the rotor under {[rvestijatsorn in 
is plotted on Fl jure 9 as a functlon of tip speed ritio u. 
From the definition of the H force coeffj.fient, eqiation (40), 


mie WH force derivatives may de obtuined In a simi fur manner To Thit 


See for the thrust force coefficients. 


OH aCy 
—-—_—_ = K ——a (3a) 
svt 
YT. 
Sr oCy 
Se ae (3) ) 
ne I dc 
‘H oC Ze 
a © 9 
hg 


Eyemusation of the H force dersvatives under conditions of vurlabfle rotor 


speed also follows sjmil.rly: 
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Since the H force coefficlent can be expressed completely In terms 
of the tip speed ratio p and inflow ratio A ty suostitutior of the 
flapping angle relations, equaifors (29), Into equutjon (28), it 
follows that: 

Cry = CV ,7,7) (33) 
The H force coefficient derlviaijves may -e evaluated ty dif ferbntistion 
In a manncr simjlar to that ured to obtain the thrust force coat lier 
derjvatjves. 

The rotor H force derivatives have pneen caj}culated for .oth 
constant r.pom. and varlaple reopen. as indicated ahove, and are 
presented on Figures JO and JI. 

To find the trim cos angle 6 it is necessary to solve 


the moment equation, equatjon (It), for trim condlifons 
Me g = xT-z (T&4+H) + Mi = 0 (54) 


which necessjtates an estimitjon of the moment about the c.je due to 
fuselage and power effects, at Jo a ficst approximation) fii aanes 
that the fuselaje Jtself will have Jittle aerodynamic moment, If iry.e 
it does, however, have a small, flat plate hor[zontali taj] surface 
which may offer an appreciable moment at higher angles of attack. The 


feeeeeconiributilon to trim moments would be 
M+. = X+54+0404q (35) 


Power effects are difficult to estimate accurately. A smal} amouni Is 
contriouted due to dIrect propeller thrust as the thrust axis Is offset 


a smail distance from the c.ego 





bs 
{4 ae | (3v) 


A propeller normaui force will exift when the thrutt axis (pirallel fo 

ogee riselaye referen.c |i7@) operates at an &higle cf auttiick. Following 
Pie method cf RIi®@mr (Ref. 4) a pimpeller norms] force Wased on propey jer 
ome cceffi.iert ard preps }ler yecmetry has teen estimatad. Thewmement 


Suemo prepeller normal force can then be expressed 5 
Mi, = xX a by: 
ip p (a7 


Since the total plrchlog mome: t due To fusel:je and power effect. Is 


now avajlaile, 


M = Mi + f + M (3c) 
i ae Ny 


Ma notiry that 


“~ 32%, = 2, = Gefe lp (39) 


the trim control anjle 6 may vow be obtained .y suustituting equation (36) 


i 4) ond = ~earrenylnge 


XT~ZH4K4 3} 4+ Q lem ta) 4251) +Xp_ (1-1 Rp) 
27 4X. S4da4q+x Ne 
ic a eee. 
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Nore that the power moments require an estimation of the thrusting 
propeiter force, which may ve ot tained Ly solving the herizowtel trim 


force equation: 





ao@gimini, small a gles 


es ty Ny eet e (42) 


Estimatlon of the cerirjcutlon cf fuselaye and power effecis to the 
Bic Sritiilty of the airvrsftT, an? wlll probably Introduce icmp ad 
On Crror as any other approximation. As was |nulcated In the analytIs for 
The trim cor rol angle, &, the fuselage is assumed to have a negilgi‘ie 
moment cf i’ self. No Known Tthecry is avillable vo preaict a moment for 
this frame-like structure and without wind tunnel dat., It car only be 
assumed smal}. Toil contri>ution to sta fJlity can Le estIlmated from 


Seaton (3 ): 





oMy 
5 = X40 + 1404 9V (43a) 
OM. 
a er 2) 
Se 


Elnce the moment erm of the thrust axis Is quite smal] end no 
simple theory exists for estimation of the engylne thrust charges with 
Velocity for constart pitch propeilers, the direct propetter thrust 
contribution Is also rejlected. The propeller normal force contribution 


fomestar||ity is taken from equation (37); 


cM, ON 
No hs: Dp 


aN Ja 


+7 Nahe 
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fom) fil and prope! W@r norm)i force ccntriscut lsaeto Geil lity feve 
gecn calcul :red as Indicated aLove and sore prescnted on Fissure J2. 

with estimates of the rotor force derjvat}]ve,, trim contro} 
angie, and fuselage and power contributions available, equations (1 5) 
may now be solved for the moment derlvatives. The dé rivat}ves hive heen 
obtulned for the rotor alone for oneth constant rotor «peed and vurf ible 
rotor speed condjiJors Jn accordance with torque equilj:rlum and are 
presented on Figures 13 and !4. Further, the alrcruft derlvsutives have 
been calculated by Including the fuselage and power effects and are 


preserted on FJyures 15, !6, and |7. 





Pil. EQUIPMENT AND PROCEDURE 


Ajrcraft 

The aircraft used to obtdal:. trim dita for th¥$S analyopewased 
smal1, one-man autosyro known as a Bensen 6-8M "“Gyrocopter." See 
Flgure |. The aircrafi, bulif and flown by the author, Is powered ty 
a 72 IP McCulloch air cooled, four cylinder, two cycle enyine driving 
a fixed pitch Banks and Maxwel] pusher propetler. The rotor Is a see~sSaw 
or "teetering" rotor with u diameter of 20 feet and a consti «lade 
chord of 6-3/4 jnches. The blades are uniwisted, have a fixed Jade 
pitch angle of 1z degrees, and a bullt-in coning angle of 4 degrees. 
Control! is affecied throujh an overhead control st]ck cornected directly 
momrne rotor shaft by two bearfngs. The roior shufft 1I5 free To rotate 
10 degrees laterally and fongituditiitly about The maln thru ft bearing |: 
The contro! head (retor reference axis)e A conventional veriical fin 
and rudder Is Immersed In :he propeller slipstream at the Tall to con- 
Trol sideslip. A small, flxed, flat plate horfzontal Tuil «urfice is 
mounted directly under the engine aid functions both as stitilizing 
surface and propeller shield when taxliny. The afreraft wejyhs 


225 pounds empty ond 4€0 pounds at normal gross welghT. 


Instrumentation 
Airspeed and Altitude 
A standard helicopter aulrspeed indicator and ser: itive ali imeter 


were used to determine airspeed and altitude. The I:.strume sts wore 


? 
: 





Zine 


driven |y @ swivelling st-Tlc pressure protie and 3 Shielded tos] tad 
pick-up, both mounted on a small toom on the forward portion of the 
Sircraff. The airspeed system was calibrated py the <tandapd speeu 


course method and the calfuration curve jij; preserted on Fijure jG. 


Roror Upeed 
Retor speed was obtained by driving a servo-Tek Proedu_ts 

linear tachome.er-gjenerutor with a shori, flexlvle shaft directly from 
the rovor shaft and was displayed on a shunted mjcrosammeter mou: ted on 
the instrument ponel. "The system was cali rated vy drivin3 the t :cro- 
meter-yenerator with a variable speed driJl motor and measuring rep... 
with a stroloscope. The micro-ammeter was then bfased so thot It read 
rotor repom. directlye The accuracy of the system was wiihin the ab] sity 


of the pilot to read the ammeter, which Is felt to be + 2 repem. Rotor 


repem. was used only as a check on the predicted thrust coefficlernt.. 


Control Angle 

Control angle, correspondiiy to stick pos|JTtion, was measured vy 
mountjng a 750 ohm potentiometeron the mast juot below the rotor contro} 
head. A waxed nyjon |Jne wrapped several turns around a pulley o° the 
potentiometer shaft had one end connected to the aircraft frame Throuyh 
a tensjon spring and the other end connected to a short, rigid ern moutted 
on the mcovabdjle rotor heads The tension provided by the spring allowed 
the wiper of the potentiometer to follow the longitudinal mo emeny of the 
rotor shafi. The potentjJometer was driven ty two 1.234 voit mercury 
batteries and the output was d]isplayed on 3 micro-ammeter mounted on 


the instrument pane}. The system was caljtraved by measuring cortro] 
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mole with Brpr@pdiier pretrOicr ang aeing tnd Grncrer witha 
3,000 chm poli ioméwer Wi) series wit Jr. The Bolietcr wee so 

Be liereied Tt rP@ad cortrot angle Bireci ly in Jegr@eg, «nu The Beco 
Sf ihe system was withIn ae pilot?s aiiti.y to read the ammeter, 


Sapa j> fect. *o1e approxalmately + C.t glegree. 


Fu=elhge Angle of Attack 
snite of atiack of the fuse lsaye reference line ( ee Figure 2) 
WaS Moausured Ly a smal], valunced bal3a wood vane mourted on the forward 
Geapem|ty of the aircraft. The vate was mcuiied on oa ldriconti) shee 
Pemmting if. Cal] Learings und a pointer con.ected To the shitt pread 
TUS@}aje unyle of sttack on au Scule or The vane frame. The cyStem was 
See rire] with a prope: ler protrocter, ind [ts Sccuracy |s fe7% tome 


within + QO. degree.. 


meoss wWelyht onli Cenier of onavity Determ|notfon 

Wee jross weight and cerpter of jruvity (c.eg.) of The Bil ee 
feemesi2) Cd) vy three differenti methods as 3 cross chevh. Fir@t, ahey 
were oftujred by comput ]rg the welght aud valance of the v rjous 
components. Secondly, the aircraft was weighed In varlous configuru- 
meemewit’ the fuselaje reference |ine hcrizonfs] Wy three plattorm 
scales placed under the Janding gear. T.Js method j3:ve gross weight 
Seememerizonral co; posiVion only. Thirdly, The aircr:ff wis neng 
from an uverhead !eam by dynamemerer and cable uttached to the rotor 
Meee «For various comft] yaratlons the an gle of Inc! Ination of ime 


fuselaje reference Jine and weiyht were determ|ned.e Krowlnj the IJn- 


clination of the rotor heaj, a che.k could ie obtained on boTa vertical 








Meer izor oa! c.Me posiii@n. The c.y. lodstign [fn Oo. |[bined i Tel 
fewec Qeeitpame To within + On. 5 Inch ir The hor | zou eel fcr 
eer jc fn the verri@el directiom. Theo jg. poeilida Cie san 
Boss welch! testeu) relutive to rhe rotcer hteid Is l]ofet in Appemiyx Te 
Beeto, wie well to note that sJnce the aircraft i: relutiwely Tia 

mee pOoiiidn can oe affected ly how the pijoi sits in the caaT Sein 
flight testinj every efforr was made To majntiin the ceqy. pos ftion as 
deiermined above and ross weight its felt to ce accur3te to wichin 

+ 5 pourds. 


t 


meer Clave Jection Characteristi@s 


To accurately determine the sectfon serodynunjc preperiles of the 
roicr Ulade a 12 incl: section of the vlade was Te ted In the Jaume. 
Forrestal] Research Center Two-dimensional whod tunnel. The resul s of 
ieee tudnel Test are plotted or Figure 19. The se.Tlon dr Beet t i= 
clent was corrected for Reynolds number effects To The taversje operstin ; 
Semorrian> at ihe O./oR ad expressed as a quudratic in .c.ilen Beale oF 
Been. §860ection Ii ft curve slope, draj coefficient, od Tide olan 


angle Thus oi Tsjied are T3tulated In Appendix J. 


Procedure 
The flighty testing proce jure followed was -iImply to e.ta. Tfsh 
eteady~siate level flight condi: lons at five knot Interval. from 30 to 
GO knots indicated forward speed, avd record indicated speed, rotor mpcric, 
. 
COnirc! aitjle and fuselp je angle of attack. SInce aj] testiny was gore 


at altitudes of from 200 to 300 feet M3L, no Teirperuture was measured |) 


® e ® 3 
flight and density correctlons were supplied usfiy corrected *urfice 
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feripérat ire. The co atro} ameje versuB velocil:y curve THEY oOMF :ined 

is ploited on Filjure 20, the rover reference amjle of i197 "cK Verge 
Velocity on Fityure 2}, and angle of attack of The to feathering pi me 
versus velocliy on Filyure 22. The experiments} Thrisi coefficient 
versus tip speed ratio otfalneu js plo:ited on Fiyure 3 ter compari won 
with theoretical. Each point plotted represenis an averije cf af feast 


two readin js. 





Bee RE ULT> @ND Lb! CU wION 

The retor for ec und momert derlvuj ives have exec fal cul &bted 
fee asluMmed condjiicns of constant rotor speed bad varel ible rdtor 
Bpeed In accaordsiee with torque equilicrium, ard ure prescuied in 
memes «, 7, IC, Il, 15 ard 14. The conditions of con Tint reior 
speed and varjicle rotor speed in accordance with torque equild.rium 
epeerel; tO ve limJiing condiiJons fcr uuferotuTtive rotcer opepmerionse 
ie ostuypvior of comsti:t rote: «peeu coulj be Ipierpreted To mean 
fee the inerif: of the rotor js very tinge Cslthoujgh it is usualqyy 
WUstified ty ussiniWy that rotor .peed chalges are negligi ly small); 
Varla le rotur speed was obtained throu jh the assumption of neyliginie 
fein. OCviodsly tne resl retor has sume inertia 3a d ITs opermigon 
will IJ]e somewhere between the two cases. For slow pertur. ‘tions The 
roter shold iei.d to uct more Jike the negligi/vule Inerti:i cause; for 
rapid chanyes inertia wlll tend to maintain a constant reror speed. 
. 
Mhevgquestion « Turelly orises ther 35 To how rspidly The roror accelerates. 
Mimoisky incicwtes fj; work with o heft—Twopter rotor of similt.sr volldity Jn 
Pemeroisiion (% f. :) That the roior rexhes Jts peak acce)l ration In 
eee 2s sevotd,.. Using this f] ure only us an order of miguitade; ait 
may be ccncliuded That tor lonj period dynimics the assumptjon of 
Gemera;ble jreriiu for the autorotit]ng retor is valld. 

In the Jon,itudinal plane stetic stability 1% usually @@tired 
as the restoring moment Jn relatJon to a change in forward |inear 


velocity at constant angle of attack and in relation to 2 chanye In 





angle of Bch af conftart veloctiy. A Somperl .creGef theeBtocity 
Srapitity, M,, (Figure ta)achows that the inertlsalete roar [omepproxt= 
marely neutrally stable while the constant Speed rotor is quite Bt ate. 
A comparison of the ungle of attack stablilty, M, (Figure 14), show. 
that the autoro ar[ng rotor becomes stronyjlty staple due to rotor speed 
changes while the constant speed rotor Is unstable. The stitle statillty 
derivatives of ihe autorotatin3 rotor of Jow Inertla then tehive more 
like a fixed wing than a hellcopter rotor. 

To qualitatively explaln how the rotcr speed viriutlon uf facts 
Meee totic stablijty conslder a rotor Jn trim forward fl 1lght 2 einen 
crease |n forward velocity wlth constant angle of utTack will cluBe 3 
sma}! Increase In the rotor resultant force. Further, the Increase In 
velocity will increase the fongitudinul flapping angle causing a no.e ip 
Or positive momert from trim |f the rotor speed Is consTt:nte The ror.:tloma 
speed of the autorotat|ny rotor |ncreases with veloc|]ty;, however, wi Ich 
causes the longitudinal flapplig angle to decrease, result}: j Im 4 tose 
down or nejative moment. When the rotor speed variation with forward 
speed occurs so That the equiliirium torque Js milntafred tne net re.ult 
is 10 varlatjon In tongitudinal flapping angle, and no moneni iS prodticed 
except due to ihe smal] Increase jn rotor resuftant forcee The scto= 
rotating rotor is therefcre approximately neutralty sta. le with re vpeci 
To speed. This fact could have been deduced ty examining the aero- 
dynamic torque relatjon. S Ince the torque can be expressed as a 
fucntion of yw and A, Jt could further ve expressed as a funcilon of 
u and & by appropriate subst]Tution from momentum and ‘i sde elemert 


theory for A and Cy. Since by assumption the equilit rum torque J > 
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mairtained, It then follows that the tip speed rutlo i. cen:tart fer 
periurvafijons ai constant angle of attack. And sJnce fhe longltudin3l 
Plapping angle wan also »e completely expressed as a furchlor of 4 Emad 

a y ihe same suosititutions, {Tt too must remijn constant for perturca- 
tiois at corstart ungle of attack. The method for quaniltatively 
prediciing the velocity stabJIiity of the autojyro developed In the 
analysis sectior dld not yleld Identically neutral velocity stability. 
SInce all the momerts actIlng are aerodynamic (power ef fects have Leet. 
ne,lected in velocity perturbations) then al] the changes jn momen7 oT 
constant anyle of attack are functjons of velocity and the net result 
Should have ween Identically neutral velocity staodJ}Ity. It Is felt that 
the assumption of negllgitle fuselage moment ard an overesiimsation of the 
fail contribution accounted for thls apparent error. 

To see the effect of varjaijon of rotor speed or ungle of attack 
Stability ccnsider again the rotor in trim forward flight. IncreasJnj 
angle of aitack and maintajning constant forward velocity will cause an 
increase {in the rotor resultant force. The fongiTudinal flapping angle 
wlll also itrcrease (for constant repom.e) tending to produce a further 
rose 3p or unstable momente However, the Increase Jn angle of etrack 
will cause the autorot iting rotor to Increase rotor speed, resulting In 
a decrease jn the fongJtudinal flapping angle and a further Increase jn 
resultant forces The net result for the autorotating rotor is to produce 
a nose down or stuble moment due to the stron:) Tendency for rotor speed 
Momence rease with anjle of attack. 

lf the coefficient of the constart term of the characteristic Or 

"frequercy'’ equztion is used as a measure of static sta. tlity €3 necessary 


tuy not sufficient condition for dynamic stabi l}ty): 





Le. 


E = Wcosy( YM. My ? mo forms ae ce oa felt y 


bie is observed shat rhe alrcraff jis ctitivcally sta le for the Gesu 
conditions of both constant and varjable rotor »peed. As  .hown or 
Pemere 25 the st&tic stabjlity of the aircraft Is Improved My Voriaeie 
menor speed due to the improvement fr. rotcr bn,le of +1 7N “Paine 
ly can be shown That the statit statilifty of the ailrcr maim 
Meependent of herizontal coy. posdijon provided Tthit The Sj. Pravel 
is limited to the ranje where adequate control Ts avajla le. 
meeertuti.g equaticns (15a) and (15c) Into the stutic {fav ji 


or E, term gives 
; OM fy Mf, 
Be COSY) = 22 A SAV eet 2ye ae Ly Ty 


emg)!s independent of x. This could te physically reasoned by nov | ae Tier 
feeirim control adgle 6 Is a strong finction of the horizontal Ge. je 
position throush the pitchii:y mome:i.t equill rium equatior, equetlor (40), 
Smamnence Varyin, tcrizortaol c.™. position will viry the trim cortrod 
pee, "Pur the static sta.jlity will not chaqge. Varyin) The Gr izonia 
ge pos! it jon wlll, of course, affect the otuosi lity contrimapignara: 
fuselage and power by varyiig Their moment orms fut this 15 a secondary 
etfecyr. Static sta’ ility can te improved | y movjngjy the c.j. verilcally 
but Is physically impractical for any ¢] ,nifftcant Improvencni - 

Trim curves of control anyle, sttitude angle , and ongle of 
eeieek cf the Pe a1 plane respectively versus forward velocj:y 
Taken from fliuht testing are presented on Filyures 20, 2] aid 22. A 


comparison of their measured and predicted slopes ar varjous forward 


velocities is presented Im Table | below. 
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Table | 
¥ fi] per sec | OO | 7O 80 | 90 | 100 | 
one — oe (eS 2 ee os ee i _— 
. 
A Predicted | ~0.000€77 ; -0.000044} ~0.000640 | -C.000.48 © -0.0C0"4 5 | 
iV Flight test | -0.0007vb | -0.000684 | -0.000617 } -0.000434 © ~0.0C0435 | 
a Predicted §-0.0078) , -0.00501 |! -0.00344 | -0.00248  -0.0C179 
av | Filylt test | -0.00833 | -0.00567 ° -0.0035 i -0.00234 0.00142 





| | 
Predicted | -0.00849 | -0.00365 | -0.00408 | -0,00312 -c.00244 | 
AV | Flight test |-0,0085 | -0.00645 | 0.00207 | -0.00153 | 
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Cons{dering the rather unsophisticated type of Instrumentation 
used jin fli] ght testing and approximations necessary jin the analysis, the 
correlation between predicted and measured duta appears good. JIT |; 
much better at lower forward velocities thin hfiyh, due provably to a 
weaker Influence of the unknown and neglected fuselage momenise 

The perfurbatfon equatfors of motion glve us a relation between 
Tlight variaoJes, such as V, a, and 6, and the stability dertv:tives wh] h 
descr{[be how the forces and moments act on the alrcraft und which we wion 
to determine. S{ince each independent relatjJon necessarily contalns mary 
of The Flight varlables it Is seldom poss|ble to obtain an expllciy rela- 
tion for any one unknown stab{lity derJvative In terms of the flight 
variables. It is possible In wind turnel testjng to hold aft flight 
variables but one constant and measure the resultant chinge ja forces 
or moments that act. Flight testing methods cannot hold all flight 
varlabjes but one constant and measure the resulting cha ges because 
the alrcraft cannot physlcally satisfy the equations of motion under 
These conditions. As a result uteady state fiilght test methods ususlly 


attempt to hold as many flight variables as poss]oJe constant und verlty 





pias ST Mility Gdelvaitives through ratlos of these virlictea. iis ene 

@e: dote jn thls analysis By weltinj the perturvatlon é@quadtion= In wf 
Sjiaple a form as possi@te and still retialning the SiG@nlftietant suerivar | veg. 
The result Is the two cortrol-fixed steady-state perturP sation carat font 


(Joa) and (J6u) 


it 
© 


. / z ~ , As 


i 
= 


My OV + M da) + Mghd 


Al! the major stabliIty derivatives (with the exception of pltch 
dampini, a rate derivative) are contalned In these two relatlons. 6y 
elJminaijm, ary one of the flight varjables between the two equatlons 

a reJletiun is o' tulned for the stabillty derivatives [n terms of ratfos 
of the two remalning fllght varlables. The ratlos predicted In Tavle | 


were o'tizjned from the above relatjons as 
h& — ZyMy~ZyMy 
or 


An / JyYMamZnMy 
AV Z ll as ) 


Memerner check on the Z férce derlv@t!ives [s obtalned from The Zetence 


equation, noting that Ag = Any + Bd 
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Jt we had known one of the Zz force derivit]ve. from some jrdepende \t 
meerce, ©“U fieas ao wind Tunnel, Thhn the cther cou l@ege explicit, 
Merified. Although steady-state flight test techniques fm¥e "Thi= — ie 
sdvantuye, thelr odvintayges of dj oassocjiutiun' with phise 1.3 pro: lems 
emaeuse of simplified instrumentation st] |] meuke them uttractj wain 
many cause... Often, by selecting proper tect techn} ques, Ji Js po .sitle 
to cross plot duta to evajuaie deriv:tlves not otherwise obtajnatbic, 

as Is often done in flxed wing aJrcraft for the pltch]ng momernt-injle 
of attack stavillty derivative. 

The flight Test plot of cortrol angle-velocity curvé (hE @reeze 
shows a gradual decrease Jn the ne,at]ve slope w]th forward velocity. 
The predjcted slope of thls curve Is essentially consvart. It Is fel. 
that the Influence of the fuse}age momerts causes thls decrease J]. 
slope at ft] Gher velocities, and neglecting these moments Jr the analysls 
resulted Jn the Inaijltity to predict the change. The concept of 
Beams 1ixed" stability as used in fixed wing alrplunes Implles a 
definite relation between stick posltJon and forward speed; thit is, 
the stick position correspondinj to a hijher forward speed must re 
farther forward jo be regarded as stuple. AJthouyh the corolJury Is 
not necessar]|y warranted for rotaryewlnged ajrcraft, the auto gyro 
eee 1S StabJe by thls criterjJa. The fact That the slope decreases 
rather than Increases wlth velocity could indijcite a possJolje irstibs iity 
ar some nitjh forward speed. Hufton eteoal., in an JnvesTigation of 3 
British dilrectecontro| autogyro (Ref. 8) reported such a high speed 


Instability, tut determ|ned tne cause as bJide twist. 





Des 


The altitude argle-veloc}ty and angle of attack of ihe no- 
feathering plane-velocity curves also show beiter correlitlon ot the 
lower forward speeds, but a’. estimation of the accuracy of verifyln;3 
the stability derjvatives is difficult. In af} cases telow 90 f.p.s. 
the predicted slopes were within [2% of the flight test curves, whlch 
themselves undoubtedly contain some measurement errore The ritlo of 
Zy to Zq verlfjled by the slope of the angle of attack-velocity curve 
would easily point up any slgnificant erreur in either one of the derfvce- 
tives, tut if the error existed jn both derlvatives by a constant factor, 
then the error could go undetected. Significant dilscrepincles Jn the pre- 
dictions of the control angle-velocity or altitude angle-veloc}] ty rutlos 
wouJ]d be more difficulr To analyze.e Assuming the Zy/Z. ratlo was verffiecd, 
each ratio stil}] contains the three moment derlvativese Due to the relitive 
magnitudes of these three derivatives (My Is very smal] compared to My and 
Ms) a large error or even a change in s]gn could exlst in M, and would we 
difficult to verify. In fact, assuming neutral velocity stabillty for the 
alrcraft as previously dIscussed Improves the correlatjon. Since the Mg 
derfvat}]ve is essentially the rotor Mg plus a constant term, the contro] 
angle and altitude angle curves essentially verify the pltchIng tnmoment- 
angle of attack stab] ]ity derlvative, which, as pointed out, »ecomes 
increasingly difficuJt to predict at hl jher veloclitles. 

In summary Jt is felt that the trim ee. tend to verify the 
vertical force derjJvat}]ves and angle of attuck stab} lity, and can point 
out possible unstabjJe areas not predicted by analyslso Neutral velocity 


stab] lity for the aircraft Is felt to be a reasonavle approxImatlon. 
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Ve. CONCLU ION, 
As a result of this analysis the ftollowlwy conclusfors are 
felt to ve valld: 
|. The method developed |n this analysis for predicitirg 
Stotic statility derivatives is valld, but is IIimlted hy 
fuselage effects. 
2- the autorotatiny rotor is approximately nectrally stable 
with respect to velocity char jes. 
eee tne autorotating rotor {Is statically stable wlth respectene 
altitude change. 
4, The static stabliity of the direct contro] type rotor Is 
Independent of horizontal ceg. position as long us It Is within 
control limits. 
5o The djrect contro] type suutogyro consjdered js sratically 
stable, due In large part to the avillty of the rotor to chunge 
speed during pertur ations. 
6. Trim curves teid to verify :he method developed for computing 


Static stabllity derlvatives, tut by tlemselves are not concluslve. 
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APPE!Dtx [ff 


Aerodynamic Torque Rel :tion 


Balley, in Ref. 4, ylves the following relations for the 
accelerat]ngj and deceleratiny torque acting on 3 JIftin, rotor hiving 


no blide twist: (neglectIrg terms of the order un and hl] jgher) 


|. Accelerating Torque: 
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UsitW a2 tip loss factor E = I- = = 0.972, suostituling tue known rotor 


characver|]stics as listed in Apperdix | into the @bove equbtions, find 


addin, the accelerating to decelerating torque ylelds the following 


expression for the total aecrodynimlc torque: 
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At cn eqvill'rlum rotor speed, the torque js zero. 
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For & jiven tip speed ratlo the above relation results In a quadratic. 





The Jurger crithmetic value o' tallied from the solutlo 
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